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I. INTRODUCTION
Titanium dental implants are an effective method for replacing teeth in the
oral cavity.1 Restoring implants in the anterior region of the mouth presents
many esthetic challenges. One challenge is the discoloring effect of the gingiva
caused by the titanium implant abutment. In a recent study it was demonstrated
that discoloration occurs when the soft tissue thickness is 2.0 mm or less.2 Some
clinicians have tried to overcome this problem by applying porcelain to a cast
gold alloy abutment.3 Implant manufacturers have tried to overcome this problem
by using ceramic materials to fabricate implant abutments. These materials are
lighter in color than titanium and do not cast grayness through gingival tissues.4
A currently popular material for fabrication of implant abutments is zirconia
(3-yttria stabilized zirconia polycrystals). 3y-TZP is a white ceramic with physical
properties very different from titanium. Zirconia is stronger, harder, and
potentially more abrasive then titanium. Commercially pure titanium (Grade four)
has a strength value of 550 MPa, while zirconia has shown strengths greater
than 1000 MPa.5 Zirconia is five times harder then titanium using the Knoop
hardness scale.6
Zirconia implant abutment design varies greatly. Some zirconia
abutments utilize a titanium interface which attaches the implant and abutment
through a titanium to titanium connection. Other zirconia abutments are a onepiece design which creates a zirconia to titanium interface. The variance of
physical properties of these two materials may set up a mechanism for wear at
the implant-abutment interface.
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The purpose of this study is to test the hypothesis that wear of the internal
surface of the titanium implant will be greater with a zirconia abutment than with
a titanium abutment under simulated mastication cycles.
Four internal connection implants (Ø4.5 x 9mm, Astratech, Mölndal,
Sweden) were mounted in fiber reinforced resin disks (NEMA G-10 rod,
Piedmont Plastics, Charlotte, NC) which simulate bone support. The implants
were placed into the discs using the manufacturer’s drilling protocol and torqued
into position. Two titanium abutments and two one-piece zirconia abutments
were torqued on the implants to 25 N/cm. The mounted implants and abutments
were placed into a loading jig that affixed to a cyclic loading machine
(EnduraTEC ELF 3300, Minnetonka, MN). The implant-abutment assemblies
were cyclically loaded with a force of 20N to 200 N at frequency of two Hz up to
one million cycles. The mating surfaces of the abutments were examined at six
different testing phases using scanning electron microscopy (TM-1000, Hitachi
High Technologies America, Brisbane, CA). The wear patterns and areas were
analyzed using image analysis software (ImageJ, http://rsb.info.nih.gov/ij/).
The primary objective of this research project is to determine if wear of a
titanium implant was greater when a one-piece zirconia abutment was connected
and loaded as compared to a titanium abutment. Wear was quantified by
identifying and measuring the total areas of titanium transfer using the SEM and
image analysis software. The effect of increasing the number of loading cycles
was evaluated. The internal contact of the Astra implant with each abutment was
analyzed by embedding, sectioning and examining the fitted components.
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This in-vivo study provides the first quantitative data regarding wear at the
implant and zirconia abutment interface. The findings suggest some concern for
the overall compatibility between these two very dissimilar materials. The study
also provides future investigators with a novel method to evaluate wear at the
dental implant and abutment interface in different situations and environments.
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II. OBJECTIVES
Identifying wear in the zirconia abutment and titanium implant interface is
important in determining the long term outcomes of esthetic implant restorations.
With zirconia only being offered as an abutment material for slightly over ten
years, there is much more that needs to be known about the material’s long term
clinical behavior and interaction with other materials. Wear of the dental implant
and abutment interface has not been described or quantified in the literature and
it is the first step in predicting long term clinical behavior.
The primary objective of this research project is to determine if the wear of
a titanium implant is greater when a one-piece zirconia abutment is connected
and loaded as compared with a titanium abutment. Wear will be quantified by
identifying and measuring the area of wear using the SEM and image analysis
software.
i.

Specific aims
1) Develop a quantitative method for assessing the location and extent of
wear between an abutment and implant.
2) Determine if wear occurs at the titanium implant and zirconia abutment
interface and at the titanium implant and titanium abutment interface
following cyclic loading in vitro in the Astratech dental implant system.
3) Assess the effect of the number of cycles on the area of worn surface
using the newly developed method.
4) Visually assess the internal connection of the Astratech implant-abutment
assembly by embedding and sectioning.
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ii.

Hypothesis

The null hypothesis tested was:
There is no difference between the wear at the implant/abutment interface
of a zirconia abutment and a titanium abutment. The wear will not increase with
an increase in the number of loading cycles.
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III. LITERATURE REVIEW
1. Properties of titanium
Titanium is a unique metal which is very biocompatible with bone and soft
tissue. Titanium is resistant to corrosion in sodium chloride solution making it a
successful implant material in humans. It has very low density and has the
highest strength to weight ratio of any metal. Titanium readily forms oxides
which are significant in the mechanism of osseointegration.7 Titanium has been
used as a successful material in implant dentistry for over fifty years and
continues to be the accepted standard.8
Titanium exists in two different atomic crystalline forms. Unalloyed or
commercially pure titanium has a hexagonal close-packed (HCP) or alpha atomic
structure. At high temperatures titanium transforms to the body-centered cubic
(BCC) or beta atomic structure, but this can be stabilized at room temperature by
alloying with elements such as molybdenum or vanadium. Commercially pure
titanium exhibits greater corrosion resistance but lower strength than the titanium
alloys. Commercially pure titanium (alpha) immediately oxidizes when it is in the
presence of air because of its extremely high reactivity. The strength of
commercially pure titanium is affected by the interstitial oxygen and nitrogen
content.9
Beta titanium has the highest strength values of titanium alloys, but forms
fewer oxides and is less biocompatible. These alloys gain their strength from not
only the BCC crystalline structure, but also the beta-stabilizing elements alloyed
with the titanium. Furthermore, beta alloys can be heat treated to obtain even
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higher strengths. Beta alloys are commonly used in industrial and engineering
applications due to their high strength and light weight. They are also used in
orthodontic applications because of their high strength to elastic modulus ratio.
Alpha-beta alloys of titanium contain both crystalline structures and
exhibit intermediate properties. One alpha-beta alloy, Ti-6Al-4V, has found
limited use in dentistry for the fabrication of implants and abutments. This alloy
shows higher strength values than commercially pure (alpha) titanium, however it
is less biocompatible and is harder to develop a micro-textured surface which is
advantageous with the osseointegration of dental implants.
The American Society for Testing and Materials (ASTM) recognizes 38
grades of titanium alloy with grades one through four considered to be
commercially pure. Grade four commercially pure titanium (alpha) is commonly
used in the fabrication of dental implant and abutments because it has the
highest flexural strength of all the commercially pure titanium alloys (550 MPa)
and high biocompatibility. The hardness of grade four commercially pure
titanium is 258 VH.10
2. Properties of zirconium oxide (zirconia)
Zirconia (ZrO₂) is an oxide of the transition metal zirconium and has
received much attention in the dental industry due to its attractive physical
properties. Zirconia is a white, opaque structural ceramic that has high flexural
strength (800-1000 MPa), high fracture toughness (6 to 8 MPa·m), and high
hardness (1600-2000 VH).11 The physical properties of zirconia are attributed to
its single phase polycrystalline structure and its very small (<0.4 μm), uniform
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size and shape crystals.12 Zirconia has been used to fabricate implant
abutments, implants, fixed dental prosthesis frameworks, copings for single
crowns and frameworks for full-arch implant prostheses. Currently, there are
three different types of zirconia ceramics available for biomedical applications; 3
mole % yttria-stabilized zirconia polycrystals (3y-TZP), glass-infiltrated zirconiatoughened alumina (ZTA), and partially stabilized zirconia (Mg-PSZ).11
3y-TZP is the most common form of zirconia used in the dental industry.
Zirconia exists in three crystallographic forms; monoclinic (room temperature to
1170˚C), tetragonal (1170˚ to 2370˚C), and cubic (2370˚C to 2750˚C - melting
point). Yttrium oxide (Y₂O₃) is added as a stabilizer to retain the metastable
tetragonal form at room temperature. The high fracture toughness of this
ceramic is due to a mechanism known as transformation toughening.
Transformation toughening arrests crack propagation through a crystalline phase
transformation and increase in volume (approximately 4%). As a crack
propagates through the ceramic, the concentration of stresses at the crack tip
initiates a tetragonal to monoclinic transformation that establishes internal
compressive stresses and prevents crack growth. This phase transformation is
also related to a phenomenon known as low temperature degradation. Low
temperature degradation is associated with grain pullout, microcracking, and
strength degradation which increases in an aqueous environment.11
3. Biomechanics of dental implants
The biomechanics of dental implants, abutments, and prostheses have
long been of interest in prosthodontics. Problems with implants and their
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components are likely to be seen with improperly designed oral reconstructions
that do not follow sound engineering principles. Wear at the implant-abutment
interface may lead to clinical problems. These problems could include
destruction of the indexing feature (hex) of the implant, fracture of the zirconia
abutment, transmission of worn titanium into the gingival tissues, and abutment
screw loosening. Screw loosening is a phenomenon inherent to a bolted joint.
Abutment screw loosening has been shown to be a problem with prosthetic
rehabilitation (6%).13
Dental implants and abutments are joints that are held together by the
elastic force developed with screw tightening. This force is known as preload
and is maintained by the frictional forces between the abutment screw and the
internal threaded surface of the implant. The abutment screw contains potential
energy imparted through torque. This potential energy can dissipate and the
screw joint can settle. Settling of the joint can occur through metal fatigue,
thread relaxation or embedment, and fretting wear.14 Fretting wear is due to a
small displacement amplitude oscillatory motion between two solids in contact.
This mechanism of wear may occur in a dental implant system when the
abutment is made of a harder material than the implant and is subjected to
repetitive forces of mastication.
4. Previous mechanical studies of zirconia implant abutments
The first zirconia implant abutment was introduced to dentistry in 1997
(Zirabut, Wohlwena Innovative, Zurich, Switzerland).6 Clinical survival studies of
ceramic abutments have shown short-term intraoral durability from 2 to 5 years.15
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Zirconia abutments are primarily used in the anterior region of the mouth,
however, one study shows that ceramic abutments have been used in the
premolar regions with success.16
There is only a sparse amount of dental literature on the mechanical
aspects of zirconia implant abutments. One study has shown a median fracture
resistance of 443.6 N.17 This study simulated clinical scenarios and the main
mode of failure was abutment and abutment-crown fracture. This value is only
slightly higher than anterior bite force reported in the literature of 90-370 N.18
Another study looked at the implant-abutment interface of titanium and ceramic
abutments after dynamic loading. This study used SEM analysis to measure
implant abutment microgap after 47.250 cycles and found that there was no
significant difference between the size of the microgap between groups.19
Finally, one paper examined the wear effects of dynamically loading external
connection titanium implants with zirconia abutments. This paper was
descriptive and showed that wear does occur in this situation. No attempt was
made to quantify the wear patterns or areas.6
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IV. MATERIALS AND METHODS
1. Preparation of specimens
A glass fabric reinforced epoxy resin embedding material (NEMA G10 rod,
Piedmont Plastics, Charlotte, NC) was obtained with a diameter of 25 mm. The
rod was sectioned into four, 16 mm thick discs. Two, 3 mm holes were drilled into
the discs using a machining lathe. The lathe ensured that the holes were
prepared completely parallel. These two holes facilitated the attachment of the
discs to the loading jig. A 10 mm hole was drilled in the center of the disc using
the manufacturer’s recommended drilling protocol (Figure 1). The center hole
simulated an implant osteotomy into trabecular bone.
An internal connection implant (Ø4.5 x 9mm, Astratech Mölndal, Sweden)
was placed into the resin disc for testing. The implant was placed using a hand
driver and the polished shoulder of the implant was placed within 1mm of the
simulated alveolar crest. Two types of abutments were secured to the implants, a
titanium abutment (TiDesign 3mm Ref 24236, Lot 57854 Astratech Mölndal,
Sweden) and a zirconia abutment (ZirDesign 3mm Ref 24708, Lot 56737,
Astratech Mölndal, Sweden) (Figure 2). Two samples of each abutment were
tested. The abutments were tourqued to 25 N/cm as recommended by the
manufacturer. The abutments were specifically positioned in their respective
implants so that they could be returned in the same orientation each time they
were removed. Each abutment has a flat side which provides a method for antirotation of an implant supported crown. A line was scribed on the disc which
allowed the abutment to be returned to the proper orientation with respect to the
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implant (Figure 3). A diamond disc was used to place a reference groove where
the abutment emerges from the implant (Figure 4). This groove was placed on
all specimens in the same position. The groove served as a positioning indicator
from which subsequent SEM images were made.
Prior to connecting the abutments to the implants, digital photographs
were made of the zirconia and titanium abutments to serve as a baseline image.
The abutments were also imaged using a scanning electron microscope (TM1000, Hitachi Technologies) at 40x, 100x and 200x magnification (Figure 5).
2. Mechanical testing of specimens
The specimens were bolted to a loading jig that secures its position in the
testing apparatus (Figure 6). The loading jig and specimen was then bolted to the
loading platform of the loading machine (EduraTEC ELF, Minnetonka, MN)
(Figure 7). The loading platform is an incline that makes a 30 degree rise from
the horizontal plane. This inclination was used to perform off-axis loading and
simulate the way that forces act on an implant and its abutment in the maxillary
incisor region of the mouth (Figure 8). The actuator was used to deliver force to
the specimens. At the tip of the actuator was a bearing plate that was separated
with Delrin plastic ball bearings. The plate was connected to the actuator by
small elastic bands. The freely movable bearing plate ensured that only vertical
forces were being applied to the off axis specimens (Figure 9). The specimens
were loaded with a force of 20N to 200N at a frequency of 2 Hz. The sinusoidal
loading on the two titanium and two zirconia specimens was performed according
to the following loading protocol.
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The zirconia specimens were designated as Z1 and Z2 while the titanium
specimens were T1 and T2. The experimental plan was that the implant and
abutment assemblies would undergo six testing phases with the number of
cycles per phase and the cumulative number of cycles listed in Table 1. After
each phase, the samples were removed from the testing apparatus, the
abutments were disconnected, and the abutments were analyzed using the SEM.
The implant and abutment pairs were reconnected and torqued to 25 N/cm for
the subsequent testing phases.
Table 1. Planned testing phases, number of cycles completed in each
testing phase, and cumulative number of cycles completed on each
specimen

Testing
specimens

Testing phase
(baseline)

Number of
cycles in
each phase
0

Cumulative
number of
cycles
0

T1, T2, Z1, Z2
T1, T2, Z1, Z2

1

25,000

25,000

T1, T2, Z1, Z2

2

25,000

50,000

T1, T2, Z1, Z2

3

50,000

100,000

T1, T2, Z1, Z2

4

150,000

250,000

T1, T2, Z1, Z2

5

250,000

500,000

T1, T2, Z1, Z2

6

500,000

1,000,000

Two specimens (T2 and Z1) were lost during the initiation of testing phase
three. This was attributed to malfunctioning of the loading machine. The loading
machine delivered a force much greater than 200N at the beginning of the testing
phase and the specimens failed. The loading machine and its controlling
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computer were restarted and the subsequent experiments were performed
without any other issues. In order to continue with the loading sequences, two
new implant and abutment assemblies were fabricated to replace the ones that
were lost. These new specimens were designated as T3 and Z3. These new
implants and abutments came from the same manufacturers’ lot and were
identical to the previous components. The specimens were loaded from 0 cycles
to 250,000 cycles at 20 to 200 N at 2 Hz to maintain the previous loading
protocol. Table 2 shows the analysis points for the actual specimens used.
Table 2. Actual specimen analysis points
Testing
phase
Cycles per
phase
Cumulative
cycles
T1

Baseline

1

2

3

4

5

6

0

25K

25K

50K

150K

250K

500K

0

25K

50K

100K

250K

500K

1,000K

X

X

X

X

X

X

X

T2

X

X

X

T3

Replacement specimen

Specimen lost
X

X

X

X

Z1

X

X

X

Z2

X

X

X

X

X

X

X

Replacement specimen

X

X

X

X

Z3

Specimen lost

3. Image capture and scanning electron microscopy
After each testing phase was complete, a digital image was made using a
single lens reflex digital camera (30D, Canon, USA). The same camera was
used for all photographic purposes. This digital image was made to give an
14

overall view of how the abutments appeared when removed from the implant
after each testing phase.
Following the digital photograph, the abutments were imaged using a
scanning electron microsope (TM-1000, Hitachi High Technologies America,
Brisbane, CA). The specimens were placed in the microscope and focused at
1000x magnification. Five SEM images were made for each abutment. The first
image was made at 40x magnification. The second image was made at 40x
magnification with the abutment reference groove placed at the right border of
the field of view. A third image was made at 100x magnification at the region of
the internal hexagonal connection. The fourth image was made at 100x
magnification with the reference groove placed at the right border of the field of
view. Finally, the fifth image was made at 200x magnification with the reference
groove placed at the right border of the field of view. The brightness and contrast
were adjusted manually and the images were saved as JPEG files.
This process was maintained for each of the six testing phases. A total of
ten digital images and 100 SEM images were accumulated not including the
control images.
4. Image analysis and data collection
The SEM images were analyzed using image analysis software (ImageJ,
http://rsb.info.nih.gov/ij/). It was determined that the most suitable images for
analysis were the 200x magnification with the reference groove at the right
border of the field of view. Each image was opened in the image analysis
software. A line tool in the software was selected and placed over the 500μm
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ruler bar. The length of this line was calculated in pixels and then converted into
micrometers through the set scale function in ImageJ. By making this
conversion, the software was able to convert the entire field of view from pixels to
μm².
A rectangular select tool was used in the software to select all non-data
containing information at the bottom of the SEM image. This information
includes the file name, date, time, and ruler measurement. By selecting and
deleting this information, a more accurate final measurement was made
containing only the abutment surface.
A threshold measurement was subjectively set by one examiner. This
measurement selected all of the area that appeared darker than the other areas.
The threshold value was selected and manipulated within a small range based
on what appeared to be titanium transfer to the abutment surface. Because
brightness and contrast varied on all of the images, it was impossible to have
threshold value constant for each image.
The threshold function converts all of the darker area in the image to a red
color (Figure 38). The rectangular tool was then selected and the entire field of
view below the reference groove was measured. A high degree of care was
made to ensure that the SEM images were captured in a similar area after each
loading cycle. This was done by matching the reference grooves to the right field
of view in the SEM image. Only the area directly below the reference groove
was used for measurement. The threshold area from each SEM image was able
to be measured using the “analyze and measure” function of ImageJ. The total
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area as well as the percentage of area was measured and recorded for 24 SEM
images. These images correspond to the 200x magnification of the four
specimens for the six testing phases as well as the control measurement before
loading began.
5. Statistical analysis
Using a linear regression (Prism 5, Graphpad Software, Inc.), the wear
area was plotted versus the number for both the titanium and zirconia abutments.
The slopes of the regression lines were statistically compared.
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V. RESULTS
Analysis of the implant-abutment assemblies after each of the six testing
phases illustrated in Table 2 was made using twelve digital images and twentyfour SEM images for data collection. For each testing phase, a digital image was
made for one titanium and one zirconia abutment resulting in twelve digital
images. A total of twenty-five SEM images were made for each abutment that
underwent the loading process; Five SEM images were made for each abutment
at the end of each testing phase. Two images were made at 40x magnification,
two images were made and 100x magnification, and one image was made at
200x magnification.
It was determined that of the five SEM images made, the 200x
magnification with the reference groove placed at the right field of view was the
most diagnostic to observe the wear behavior between the implant and
abutment. This was because the images were at a higher magnification and it
was easier to see the evidence of titanium transfer within the entire field of view.
The quantitative data for this study was derived from the 200x magnification
image, however there is much that can be learned from the other images. In
particular, the 40x image shows a broad overview of the abutment which makes
it possible to visualize the wear pattern of the entire surface of the abutment
(Figure 42-45). The wear appears more concentrated at the coronal portion of
the zirconia abutment. The wear of the titanium abutment appears more
homogenous throughout the entire abutment surface area.
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The digital images of the titanium and zircoina abutments are presented in
Figures 10 - 23. Figures 24 - 37 represent the SEM images at 200x magnification
from which the ImageJ analysis data were obtained. These SEM images were
manipulated as described in the materials and methods section to yield the
quantitative data shown in the tables below.
Table 3. Total area and % area of material transfer for titanium abutment
(T1)
Total area of
wear (μm²)
2380.333
7089.853
9570.173
15965.514
12931.139
18174.524
15438.852

SEM image file name
T1 control.jpg
T1 200x ref 25K.jpg
T1 200x ref 50k.jpg
T1 200x ref 100k.jpg
T1 200x ref 250k.jpg
T1 200x ref 500k.jpg
T1 200x ref 1000k.jpg

% Area of
wear
0.321
1.108
1.466
2.476
1.994
2.78
2.425

Table 4. Total area and % area of material transfer for titanium abutment
(T2, 3)
Total area of
wear (μm²)
2380.333
3236.801
2585.983
2461.609
3388.359
9312.07
17182.836

SEM image file name
T2 control.jpg
T2 200x ref 25K.jpg
T2 200x ref 50k.jpg
T3 200x ref 100k.jpg
T3 200x ref 250K.jpg
T3 200x ref 500k.jpg
T3 200x ref 1000k.jpg
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% Area of
wear
0.321
0.509
0.412
0.381
0.524
1.453
2.686

Table 5. Total area and % area of material transfer for zirconia abutment
(Z1, 3)
Total area of
wear (μm²)
1649.885
12547.499
6837.803
25399.207
86886.056
83888.429
110684.914

SEM image file name
Z1 control.jpg
Z1 200x ref 25K.jpg
Z1 200x ref 50k.jpg
Z3 200x ref 100k.jpg
Z3 200x ref 250K.jpg
Z3 200x ref 500k.jpg
Z3 200x ref 1000k.jpg

% Area of
wear
0.216
1.876
1.078
3.838
13.587
12.915
16.777

Table 6. Total area and % area of material transfer for zirconia abutment
(Z2)
Total area of
wear (μm²)
1649.885
11386.8
18853.076
35573.088
91572.084
94253.824
94130

SEM image file name
Z2 control.jpg
Z2 200x ref 25K.jpg
Z2 200x ref 50k.jpg
Z2 200x ref 100k.jpg
Z2 200x ref 250K.jpg
Z2 200x ref 500k.jpg
Z2 200x ref 1000k.jpg

% Area
of wear
0.216
1.7
2.905
5.52
14.128
14.488
14.469

The mean and standard deviation for the titanium and zirconia abutments
at the end of each testing phase are plotted in Figure 39a. The plot was analyzed
using linear regression in Figure 39b; the slopes were compared (Prism 5,
GraphPad Software, Inc.) and were found to be statistically different (p<0.001).
The slopes, or rate of wear, for the titanium and zirconia abutments were 8.1 +/0.5 and 81.9 +/- 3.1 μm²/cycle respectively. Both slopes were statistically greater
than 0.0 (p< 0.001).
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VI. DISCUSSION
1. The methodology for analyzing wear
The methodology employed in this study was successful in quantifying the
mechanism of wear at the implant-abutment interface. The method does this in
two phases. First, the specimens are subject to cyclic loading using a
mechanical testing apparatus. Second, the specimens are imaged using
scanning electron microscopy and analyzed in an image analysis software
program.
Accelerated testing of implants and their components has been used to
greatly decrease the experimental time necessary to simulate years of intraoral
function. While this in-vitro technique only simulates what may happen in the
actual mouth of a patient, many variables have been taken into consideration in
order to closely replicate what is seen clinically.
The implants are placed into a fiber reinforced embedment resin disc. This
resin disc has a similar modulus of elasticity of alveolar bone, therefore the
implant’s behavior in this substance replicates what may happen in a human jaw.
The implant osteotomy was prepared using the manufacturer’s recommended
surgical drills to create a space that would accept the implant. The implant was
placed using a hand driver and the polished shoulder of the implant was placed
within 1mm of the simulated alveolar crest. Due to the tapered design of the
implant, stability was achieved readily within the resin substrate. While no
insertion torque values were recorded, all implant were secured very tightly with
hand pressure. It was confirmed that the implants were solid and no movement
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of the implants in the resin was perceived throughout the experiment. This is of
particular importance because if the implant does move within the resin disc, it
cannot be confirmed that the full 200 N of force is transferred to the implantabutment assembly.
The abutments were placed in the implants and the abutment screw was
torqued to 25N/cm as prescribed by the manufacturer. Every effort was made to
ensure a repeatable position of the abutment by marking the disc and correlating
the flat side of the abutment with this mark. The reference groove was placed in
a similar position on all abutments. It was hypothesized that the most titanium
transfer would occur where shearing forces act on the abutment within the
implant. Namely, on the surface directly lateral to where the force was being
applied. This position was kept consistent with all specimens.
It is uncertain if more titanium transfer occurred on the compressive,
tensile, or shear areas of the implant abutment interface. It is assumed that the
titanium transfer is uniform around the entire surface of the zirconia abutment
due to their visual appearance after loading. The grey rings around the zirconia
abutments appear to be of a consistent area and darkness. This is consistent
with the conical seal design engineering principle of the Astratech implant
system. This principle is based on a large area and broad contact of the
abutment into the internal connection implant, which increases the stability of the
implant/abutment pillar and reduces direct stresses to the abutment screw.
While the design of internal connection implants is favorable in this regard, one
must realize that forces are directed not to the abutment screw, but to the walls
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of the implant. This is a cause for concern, especially in thin-walled implants. If
the strength of the titanium is overcome by the forces of mastication, metal
fatigue, or fretting wear, implant fracture could be a potential scenario.
The implants and abutments were loaded under a controlled force of 20N
to 200N. It was necessary to place a 20N initial load on the specimens because
it was required to maintain repeatable accuracy in the loading force. Two
hundered Newtons replicates a realistic anterior bite force. The specimen was
replicating the forces that a maxillary central incisor would receive in a patient’s
mouth. The specimen was loaded at 30 degrees off axis to simulate the
inclination of a central incisor and the force vector of an antagonizing mandibular
incisor.
After each phase of loading, the specimens were removed and transferred
to the SEM. The tabletop microscope was very convenient to image the
specimens because of its short startup time and because it did not require
sputter coating of the specimens. This microscope was also very easy to focus
and control the magnifications settings. It produced high quality images that
were able to be analyzed using the ImageJ software.
The ImageJ software was utilized to measure the area of titanium transfer
to the zirconia abutments. This was done by using a threshold function within the
software. In this case, thresholding is a process that defines titanium transfer on
the basis of value. The darker areas in the field were determined to be titanium
transfer while the lighter areas were unaffected surfaces of the abutment. It is
important to realize that the threshold value is subjectively set by the examiner to
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correspond with what was believed to be wear area. An attempt was made to
keep the values of the threshold within a relatively close range. It was impossible
to keep the threshold value constant for all SEM images because the images had
different brightness and contrast. If the threshold value was kept at one level,
subsequent images may have had too many or too few of the pixels measured.
It must be recognized that this is a potential limitation of this study and future
research may benefit from multiple examiners and some calibration of SEM
images prior to manipulation in the software.
2. Wear parameters between zirconia abutments and titanium implants
Zirconia implant abutments have been successful in preventing the
transmission of grey hues through the gingival tissue. This is because zirconia
has different optical properties from titanium. Zirconia also has different physical
properties from titanium. As stated in the introduction, one of the main
differences between these materials is their hardness values.
This study is the first to demonstrate that wear occurs at the implantabutment interface when a one-piece zirconia abutment and a titanium implant
are subjected to simulated mastication. This wear of the titanium implant is
evident both macroscopically and microscopically as titanium transfer onto the
zirconia abutment. Visualization of the zirconia abutment after loading reveals a
grey banding effect that surrounds the entire abutment. Under SEM
investigation, it appears that titanium particles deeply embed into the abutments
at certain regions, and other regions just lightly discolor the abutment. It is

24

assumed that these darker areas are areas of higher pressure at the implantabutment interface.
It is interesting to note the patterns of titanium transfer onto the zirconia
abutments. From the observations at the 40x magnification images (Figures 4246), the transfer is mostly located in the most coronal aspect of the abutments
and seems to get more concentrated at the point where the internally connected
abutments exit the implant. This is counter intuitive to what is expected from the
cross sectioning of the specimens in Figures 40 and 41. The cross sections of
the implants show very intimate contact between the entire surface of the
abutment and the implant. One would expect the titanium transfer to be equal
throughout the entire length of the abutment as is the case with the titanium
abutment. Perhaps this difference could be due to the machining tolerances of
zirconia and titanium.
The intimate contact between the abutment and implant is very important
for the overall strength and stability of the implant, abutment, and prosthesis.
The results of loading the specimens reveal that most of the wear between the
abutment and implant appears to occur in the coronal half of the implantabutment interface. This is a likely scenario due to the geometry of the internal
connection as well as levering action within the system. The abutment and
implant is essentially a cone within a cone. In order for the abutment to be fully
seated into the implant with a close adaptation to the internal implant walls, very
high tolerances must be achieved. It is understandable that when the abutment
is inserted into the implant, the abutment is likely to seat with more contact in the
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coronal part due to the geometry of the cone. Also, when the abutment and
implant are subject to loading forces, the most levering action or movement
occurs where the actuator meets the abutment. As the force is transmitted down
the abutment and into the implant, the amount of movement of the abutment
decreases due to the resistance of the implant embedded in the resin disc. The
least movement is expected in the hex region of the abutment. It seems
reasonable that most of the titanium transfer on the zirconia abutment was in the
coronal regions because this is where more movement may be occurring.
It should be noted that there was no evidence of screw loosening on any
of the abutments throughout the testing. This can be attributed to the precise fit
of the implant and abutments used in this experiment. There was no room for
excessive movement of the components, therefore, loosening did not occur. It is
uncertain what the long term consequences of wear are at the implant-abutment
interface. It is important to select an implant system where there is precise fit of
the components and limited space for movement or rotation to occur. It also
should be realized that in the internal connection implant systems, most of the
forces of mastication are transmitted through the prosthesis and abutment, and
delivered directly to the internal walls of the implant. This sets up a scenario for
implant fracture. The walls of the internal connection implant should be
sufficiently thick to prevent implant fracture. Further studies need to be
performed in order to determine the effects of fretting wear in different implant
systems as well as the long term outcome of this process.
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3. The effects of increase in the number of cycles on titanium transfer at
the implant-abutment interface
This study examined the effects of wear on implant abutments at six
different testing phases. The abutments were analyzed after 0 cycles (baseline),
25,000 cycles, 50,000 cycles, 100,000 cycles, 250,000 cycles, 500,000 cycles
and 1,000,000 cycles. A definite increase in the amount of titanium transfer was
observed and quantified with an increase in the number of cycles in both the
titanium and the zirconia abutment specimens (p<0.001). The rate of wear in the
zirconia abutment specimens was approximately ten times greater than that of
the titanium abutment specimens (p<0.001). It is interesting to note that the
hardness of 3y-TZP (1600-2000 VH) is approximately ten times higher than that
of grade four commercially pure titanium (258 VH).
Figures 17-23 show how the grey banding pattern of titanium transfer
becomes darker and wider as the number of cycles increase. Similarly, the SEM
images (Figures 31-37) show increase in dark areas as the number of cycles
increase. It is interesting to note that there is a small amount of dark area
quantified on the baseline zirconia specimens. Theoretically, there should be no
titanium transfer when the abutments are not inserted into the implant and
subject to loading. The SEM image of the baseline zirconia abutment (Figure 31)
shows small dark spots in an evenly distributed pattern throughout the entire
surface of the abutment. It is hypothesized that these areas are remains from
the machining process of the abutment. The thresholding function was sensitive
enough to pick up these areas and generate an area value. While this is not
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titanium transfer, it is believed to be present and accounted for in all subsequent
measurements and does not adversely affect the data.
Figure 39a shows that the total area of titanium transfer to the zirconia
abutment increases after each testing phase. When looking at the tables of data
(Table 3, 4, 5, 6), it is uncertain why the dark area value slightly decreased in
some specimens at certain testing phases. It is most likely that there were some
inconsistencies in positioning of the abutment during the SEM or inconsistencies
during the thresholding function. Future studies may benefit from an increased
sample size to overcome these issues.
When Figure 39a is closely studied, it appears that a self-limiting wear
phenomenon may be occurring. There is a rapid rate of wear from 0 to 250,000
cycles, and then the wear rate seems to level off and does not increase as
significantly. This could be because the titanium transfer penetrates and coats
the zirconia to such a degree that the zirconia-titanium interface is acting as a
titanium to titanium interface. The earlier rapid increase in wear may suggest a
wear phenomenon where the transfer increases at a faster rate due to the
presence of particulate titanium in the system. Figure 39a also demonstrates
that the area of titanium transfer increases as the number of cycles increases.
Further research needs to be completed to determine if this relationship holds
true under closer clinical conditions. There is a potential that this relationship
could be different when the zirconia abutment is subject to loading in a wet
environment.
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Figure 39b shows the means plotted and analyzed with linear regression.
This analysis suggests that there is a direct relationship between the wear at the
implant-abutment interface and number of cycles. The slope of the zirconia
abutments is ten times greater than the titanium abutments. The 250,000 cycle
zirconia abutment data point seems to be out of place to fit the linear regression
model. It is most likely that there were some inconsistencies in positioning of the
abutment during the SEM or inconsistencies during the thresholding function.
Future studies may benefit from an increased sample size to overcome these
issues.
4. Wear parameters between titanium abutments and titanium implants
A titanium abutment connected to a titanium implant served as the control
in this experiment. It was hypothesized that the titanium control abutment would
not wear as much as the zirconia abutment. This was believed because the
interfacing materials had identical physical properties and hardness values. The
results of this experiment show that some wear occurs with a titanium to titanium
interface, however it is not comparable to the amount of wear seen with a
zirconia abutment. In fact, the rate of wear with the titanium abutment was about
10% of that with the zirconia abutment.
Table 3 and 4 and Figure 39a show the values of wear calculated in
the titanium specimens. The specimen T1 total area seems to stay the same
throughout the entire testing protocol. The SEM images show areas of darker
material on the abutment, however this material does not look similar to the
titanium transfer that was present on the zirconia abutments. The dark areas are
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believed to be areas of burnished titanium and other debris. In Figures 25-30,
the burnished titanium is observed on the left area of the field and seems to
remain constant through all subsequent SEM images. The SEM image of the
titanium abutment after 1,000,000 cycles (Figure 30) demonstrates a larger
amount of burnished material. It is uncertain why the total area of wear slightly
decreased in some specimens at certain testing phases. It is most likely that
there were some inconsistencies in positioning of the abutment during the SEM
or inconsistencies during the thresholding function. Future studies may benefit
from an increased sample size to overcome these issues.
The digital images of the titanium abutments (Figures 11-16) appear to
look very similar to the control digital image. There is slight indication of wear or
burnishing just below the reference groove on the titanium abutments. This is
represented by a dull band present directly below the reference groove. Figure
39a graphically depicts the data of the control specimens. It is apparent that
there is little change in the amount of wear as compared to the zirconia
abutments as the number of cycles increase. As with the zirconia abutments,
they were no detectable amounts of screw loosening noted when removing the
abutments for imaging.
Figure 39b shows the data for the titanium abutments analyzed using a
linear regression. It is important to identify that the slope of the titanium
abutments was non-zero, meaning that there was some increase in dark area
with an increase in the number of cycles. This increase was not as significant as
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with the zirconia abutments. The slope of this line fits very closely with all the
data points and suggests that this wear process is continuously increasing.
In summary, the null hypothesis of this study was rejected. Wear between
a zirconia abutment and a titanium implant was greater than with a titanium
abutment (p<0.001). The amount of this wear increases as the number of
loading cycles increases (p<0.001). It is uncertain what clinical effect this may
have on implant supported restorations. It is important to recognize and further
research of this phenomenon is essential to further understand the interaction of
dissimilar interfacing materials in dental implant systems.
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VII. CONCLUSIONS
The following conclusions were made:
1. The new methodology that was developed was successful in
quantitatively measuring wear at the implant/abutment interface.
2. The zirconia abutment wears more than the titanium implant under
cyclic loading conditions. This is apparent through the microscopic and
macroscopic evidence of titanium transfer from the implant to the zirconia
abutment.
3. The amount titanium transfer seen on the zirconia abutment increases
with an increase in the number of loading cycles.
4. The titanium abutment does not have an as aggressive wearing
mechanism as a zirconia abutment when subject to cyclic loading
conditions.
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VIII. FUTURE RESEARCH
The results of this study provide some of the first quantitative data on wear
at the implant/abutment interface. This research provides a new methodology
with which further studies can expand upon.
In-vitro studies are always striving to replicate clinical scenarios in the
laboratory. Variables that simulate realistic clinical conditions can be further
evaluated. These variables may include introducing a salivary medium at
intraoral temperature, or perhaps fabrication and cementation of a crown onto the
abutment.
This study only evaluated the effects of cyclic loading on one implant
system with one abutment design. Further study is needed to determine the
outcome of different implant systems (Nobel Biocare, Straumann, etc.),
connections (internal vs. external connection), and zirconia abutment designs
(one-piece vs. two-piece).
It will be important to demonstrate if the wear seen at the
implant/abutment interface can be correlated to an undesirable clinical outcome
such as screw loosening, abutment fracture, implant stripping, or introduction of
worn titanium particles into the gingival tissues. All of these potential hypotheses
regarding the outcome of wear at the implant/abutment interface need to be
validated by future research.
Finally, it is import to investigate if wear at the implant-abutment interface
is a self-limiting or continuously increasing phenomenon. This would be done by
increasing the sample size and data points (testing phases) of this experiment.
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Figure 1. Fiber reinforced resin disc (G-10)
prepared for implant placement
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Figure 2. Zirconia and titanium abutments
connected to implants placed in G-10 discs
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Figure 3. Orientation line on resin disc
coordinating with flat side on abutment
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Figure 4. Reference groove located at the
junction of the implant and abutment
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Figure 5. Scanning electron microscope
used for analyzing abutments
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Figure 6. Specimen placed on to loading jig
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Figure 7. Eduratec ELF 3300 loading
machine and computer
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30°
Figure 8. Simulation of forces in the
anterior region of the oral cavity.
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Figure 9. Cyclic loading set up of zirconia
abutment specimen
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Figure 10. Digital image of titanium
abutment surface after 0 cycles (baseline)
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Figure 11. Digital image of titanium
abutment surface after 25,000 cycles
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Figure 12. Digital image of titanium
abutment surface after 50,000 cycles
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Figure 13. Digital image of titanium
abutment surface after 100,000 cycles
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Figure 14. Digital image of titanium
abutment surface after 250,000 cycles
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Figure 15. Digital image of titanium
abutment surface after 500,000 cycles
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Figure 16. Digital image of titanium
abutment surface after 1,000,000 cycles
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Figure 17. Digital image of zirconia
abutment surface after 0 cycles (baseline)
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Figure 18. Digital image of zirconia
abutment surface after 25,000 cycles
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Figure 19. Digital image of zirconia
abutment surface after 50,000 cycles
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Figure 20. Digital image of zirconia
abutment surface after 100,000 cycles
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Figure 21. Digital image of zirconia
abutment surface after 250,000 cycles
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Figure 22. Digital image of zirconia
abutment surface after 500,000 cycles
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Figure 23. Digital image of zirconia
abutment surface after 1,000,000 cycles
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Figure 24. SEM image of titanium abutment
T1 after 0 cycles (baseline)
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Figure 25. SEM image of titanium abutment
T1 after 25,000 cycles
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Figure 26. SEM image of titanium abutment
T1 after 50,000 cycles
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Figure 27. SEM image of titanium abutment
T1 after 100,000 cycles
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Figure 28. SEM image of titanium abutment
T1 after 250,000 cycles
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Figure 29. SEM image of titanium abutment
T1 after 500,000 cycles
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Figure 30. SEM image of titanium abutment
T1 after 1,000,000 cycles
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Figure 31. SEM image of zirconia abutment
Z2 after 0 cycles (baseline)
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Figure 32. SEM image of zirconia abutment
Z2 after 25,000 cycles
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Figure 33. SEM image of zirconia abutment
Z2 after 50,000 cycles
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Figure 34. SEM image of zirconia abutment
Z2 after 100,000 cycles
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Figure 35. SEM image of zirconia abutment
Z2 after 250,000 cycles
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Figure 36. SEM image of zirconia abutment
Z2 after 500,000 cycles
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Figure 37. SEM image of zirconia abutment
Z2 after 1,000,000 cycles
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Figure 38. Threshold function performed
using ImageJ software on SEM image of
zirconia abutment Z2 after 1,000,000 cycles
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Figure 39a. Data from Tables 3, 4, 5 and 6
plotted and connected (total area)
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Figure 39b. Data from tables 3, 4, 5, and 6
plotted in a linear regression (total area)
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Figure 40. Cross-section through titanium
abutment specimen
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Figure 41. Cross-section through zirconia
abutment specimen
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Figure 42. 40x SEM of titanium abutment
T1 after 0 cycles (baseline)
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Figure 43. 40x SEM of titanium abutment
T1 after 1,000,000 cycles
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Figure 44. 40x SEM of zirconia abutment
Z2 after 0 cycles (baseline)
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Figure 45. 40x SEM of zirconia abutment
Z2 after 1,000,000 cycles
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